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X~-band (9.375 GHz) transmitter for its microwave source. The microwave energy is
focused into a vacuum vessel (a bell jar) using a horn feed and a parabolic
reflector. In the vacuum vessel a reflecting plate serves both to focus the

microwave energy above the plate and as a mount for instrumentation that measures 1
the discharge region.

Camera measurements of the discharge showed that the discharge regions formed
in the antinodal regions above the reflecting plate and took the shape of small
pancakes. The lowermost and largest discharge region was about 2 cm in diameter and
2 mm thick. It floated about 8.7 mm above the reflecting plate, so that its
distance from midplasma to reflecting plate was 9.7 mm. This was slightly higher
than the 8 mm calculated as the antinodal point of the 9.735 GHz wave. i 7

[

A pressure transducer was mounted in the reflecting plate directly beneath the
center of the plasma above it. The Mach numbers of the pressure waves emanating
from the discharge region ranged from 1, when no breakdown occurred (this happened \
at higher ambient pressures), to a maximum of between 1.33 and 1.44.

From the camera and the pressure transducer measurements, it was possible to
calculate theoretically the maximum temperature in the plasma. This was calculated
to be between 838 and 1061°K. 1t also possible to estimate the microwave absorption
efficiency, of the plagsma. The flux to the discharge region was measured as
1.62 kW/cuz. The internal energy per molecule can be determined for the case where
all power flux is absorbed and for the case where the plasma reaches the range of
temperature it reached. The ratio of these internal energies gives the absorption
efficiency of the plasma, which is between 64 and 90%. Despite the uncertainity in
the measurement, the absorption efficiency of the plasma is very high.

Single-probe measurements in the middle of the plasma were made to monitor ion
o current throughout the discharge. The peak ion and electron denisties were ' )
estimated two ways. In the first way, the densities were determined from free
molecular and continuum theory using the actual peak current measured. The_fon
density, and by implication the electron density, was estimated as 5.9 x 10! /cn3.

i In the second way, free molecular theory was used to calculate the ion density from
the fon current 1 us after the end of the breakdown. This density value was ’
extrapolated back to the peak value. Since the peak density occurred in a slightly .
nonfree molecular environment, and the density 1 us after the breakdown occurred in "
a free molecular environment, this second approach probably yielded a more accurate .
lower bound to the actual ion an!zelestron densities. The extrapolated ion and
electron densities were 6.9 x 10°“/cm”.
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I INTRODUCTION

Highly concentrated microwave energy acting on a gas can produce a
plasma of electrons and fons known as a gas discharge, or breakdown. A
discharge region modifies the normal transmission of microwaves through
gas. The discharge plasma reflects some of the incident microwave
energy, and the energy absorbed by the plasma is reradiated in a variety
of mechanical and electromagnetic forms. Studies of possible
applications of high-power microwaves require some knowledge of self-
induced discharge plasmas, since the discharge limits the delivered
energy. The Navy, as well as other DoD agencies, has examined potential

nilitary applications of high-power microwave radiation.l*

Some
postulated uses involve straight-forward use of high-power sources to
replace existing low-power sources in radar, jamming, or communications
gystems, thereby achieving greater range capability, interference, and
signal level. Other postulated applications use the strong fields, high
powers, or large energles to obtain unique or unusual effects, such as
damage, blinding, and disruption of radar beams. While some
applications are limited by air breakdown, several other uses depend on

air breakdown for their effectiveness.

The threshold conditions for microwave breakdown of air are fairly
well understood theoretically and have been substantially verified
experimentally.2'3 This report presents the results of a study that
concentrated on the physical characterization of the plasma itself.
Several experiments were performed, including measurements of the
physical dimensions of the breakdown region, the strength of the
pressure wave emanating from the breakdown, the light flux from the

#®# References are listed at the end of this report.
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breakdown, and the ion current collected by probes inserted in the

plasma.

The experiments described in this report establish some data points
for use in testing current theories on microwave discharges. The
theories, which are being developed by the Naval Research Laboratory and
by various contractors to the Navy, relate several breakdown parameters,
4 of

the five experiments conducted, four were used in the analysis. Plasma

such as size and incident microwave power flux, to plasma heating.

size and discharge pressure were measured to calculate the plasma
heating. The microwave power flux to the discharge region was also
measured and, in conjuction with the heating results, was used to
calculate the plasma's absorption efficiency. Ion current was measured

using Langmuir probes to determine the density of ions and electrons in

the plasma. The optical output of plasma discharge was also measured in

conjunction with the plasma size measuremwents. Section III describes

the actual experiments in detail; Section IV presents the results

deduced from the data.

As in any experimentation on systems as complicated as a gas

discharge, much of the interpretation of the raw data depends on

theories relating the response of various sensors to the physical

phenomenon at hand. Nevertheless, the raw data presented here increase

the knowledge of microwave discharges, and the interpretad data provide

some initial points for use in discharge theories.
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II SRI MICROWAVE FACILITY

The SRI Microwave Facility (Figure 1) contains a high-power
transmitter capable of emitting a 250 kW, 8 us (or shorter) RF pulse, at
X-band (9.375 GHz). The transmitter can operate at a rate of a few pps
up to a repetition rate limited by the maximum allowable duty cycle
(0.001). The transmitter is focused into a vacuum vessel (bell jar with

plastic cover) via a horn feed and a parabolic dish antenna. The 3 dB

width of the focal region, transverse to the beam propagation direction, g
is 1.4 wavelengths. Microwave absorber material surrounds the bell jar

on the outside and lines the bottom (inside) to minimize reflections. A ;
metal reflecting plate can be placed inside the bell jar at the focal
plane to produce standing waves of electric fields. The power level and

system efficiency allow breakdown to occur at pressures up to 20 torr

o e ————

without a reflecting plate, and up to about 35 torr with a reflecting
plate. The ratio of the collision frequency to radian radio frequency !

at those pressures ranges from 2 to 3 times. This is just adequate to
5

produce some desired collision—-dominated effects.

Each measurement required slight modifications to the facility.
These modifications will be described in conjuction with each

experiment.
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III EXPERIMENTS

A. Dimensions of the Discharge Plasma Region

The microwave feedhorn was adjusted to increase the microwave power
focused on the discharge region. After this adjustment, photographs of
the plasma were taken with the reflecting plate in place to determine
the plasma dimensions. A camera was mounted outside the jar as close to
the height of the plasma as possible, first with the film plane parallel
to the E-field lines, and then with the film parallel to the H-field

lines. Two rules were attached to opposite sides of the vacuum vessel,

one as close as possible to the camera, the other as far as possible
from the camera. The rules allowed for parallax and scale correction in

each photograph. r

The discharge regions looked like small-diameter, floating
pancakes, parallel with, and evenly spaced in, the antinodal regions
above the reflecting plate. The number of discharge regions increased
when the microwave power was increased or when the ambient pressure in
the vacuum vessel was decreased. At very low pressures (< 20 torr), the
discharge plasmas became less defined and spread up and down between the
antinodal discharge regions. The photographs used to calculate the
plasma dimensions were exposed to between 10 and 100 RF pulses, each

8 us long.

The lowermost and largest plasma was 1.9 mm (£0.1 mm) thick. At
30 torr ambient pressure, the width of plasma when the film plane was
parallel to the E~field lines was 2.0 cm, and 1.2 cm when the film plane
was parallel to the H-field lines. Both thege widths are much less than
the 3 dB width of the microwave focal region beam. The measurements of
discharge thickness and width were used in calculating the theoretical
heating of the plasma (see Section IV-~A).

1T gt
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The visible bottom of the lowermost plasma was 8.7 mm above the

reflecting plate. This put the center of the plasma at about 9.7 mm

above the reflecting plate. This result was higher than anticipated, ’ '
since the first antinodal region of the 9.375 GHz radiation was |
predicted to be at 8.0 cm. The higher 9.7 mm result was later used in

calculating the travel distance of shock waves emanating from the

discharge (see Section III-B).

B. Pressure Pulses Emanatiggﬁfrom Discharges

Heating in the plasma was determined indirectly by measuring the
pressure pulses emanating from a microwave discharge. The experimental
set-up was modified by mounting a pressure transducer in the reflecting
plate underneath the discharge regions. A thick reflecting plate was
used in this experiment to increase the inertia of the plate and reduce
its response to the shock waves. The pressure transducer, a Kistler
model 603A, was mounted 1 cm from the center of the plate, which was as
close as possible to the center of the microwave discharge region above

it. The Kistler transducer has the following characteristics:

® Frequency response 400 kHz

® Rise time 1 us

® Pressure range, full scale Up to 3000 psi :
® Resolution 0.05 psi

® Sensitivity (nominal) 0.35 pCb/psi.

A charge amplifier provided by Kistler for this transducer was initially
included in the set-up, but its electronic noise dominated the low-level
discharge signals. The Kistler amplifier was replaced with a Princeton
Applied Research model 113 preamplifier, which matched the impedance of

the transducer and had a high-frequency roll-off of 300 kHz.

Initial calibrations assumed a linear transducer response over the
transducer's operating range. Since this assumption proved incorrect
over the range of pressures apparently being measured, R. Blomenkamp of |
SRI's Poulter Laboratory suggested a deadweight calibration, in which
small weights are suddenly removed from the surface of the transducer. 1
%

The transducer response via the preamplifier can then be compared to the




ratio of the applied weight to the area of the transducer. The
procedure yielded a calibratfon of 0.9 torr per millivolt (£20X) of
preamplifier response with the preamplifier gain at 100. The high
uncertainty was due to the introduction of mechanical energy (slipping '
and sliding) to the transducer as the weight was removed from the

transducer's diaphragm. Another uncertainity in the transducer

calibration resulted from the difference between the transducer's

response in the calibration frequency range, about 200 Hz, and in the

range of the pressure pulse response, about 300 kHz. The 0.9 torr-per-

millivolt response is the value used for interpretting the data

presented here. As mentioned in Section III-A, the experimental

arrangement produced a discharge region with a 2 cm diameter and 0.19 cm
thickness, floating about 1 cm above the reflecting plate. The pressure
wave emanating from the discharge region can be treated approximately as

a one-dimensional shock.

The output from the Princeton Applied Research preamplifier was
recorded on an oscilloscope, and the resulting experimental traces are

shown {n Figures 2 through 5. These oscillograms always contain two

traces. The top trace shows the RF power that generates the discharge
regions. This trace is inverted in that when the microwave power 1is on,
the trace is low (at the beginning of the trace), and when the power is
off, the trace is high. The bottom trace shows several time histories )
of pressure pulses arriving at the reflecting plate. Note that the RF
power causes a spurious transducer response. This response decays
quickly enough, however, that the pressure pulse is recorded without any
residual spurious signal. Each oscillogram shows several discharges at
the same microwave power level and ambient pressure. The pulse
repetition rate, driven by an external trigger, was 10 pps for this case
and each pulse was 4 us long. The oscillograms show that the general
time histories of the pressure waves are similar, but that the
amplitudes change substantially from pulse to pulse. Some of the traces
are flat during the period in which a pressure pulse would be

expected. This indicates that occasionally no discharge occurred during

the RF pulse (this only happened at high pressures, when the peak




RF PULSE
{0.02 V/division)

PRESSURE SENSOR
{0.005 V/division)

S us/division

FIGURE 2 PRESSURE PULSE AT 16 torr AMBIENT PRESSURE
(100 preamplifier gain, 4-us RF pulse, 8 discharge regions)

RF PULSE
(0.02 V/division}

PRESSURE SENSOR
(0.02 V/division)

6 us/division

FIGURE 3 PRESSURE PULSE AT 25 torr AMBIENT PRESSURE
{100 preamplifier gain, 4-us RF pulse, 6 discharge regions)




RF PULSE
{0.02 V/division)

PRESSURE SENSOR
(0.02 V/division)

5 us/division

FIGURE 4 PRESSURE PULSE AT 30 torr AMBIENT PRESSURE
(100 preamplifier gain, 4-us RF pulse, 2 discharge regions)

RF PULSE

(0.02 V/division)

PRESSURE SENSOR
(0.02 V/division)

5 us/division

FIGURE 5 PRESSURE PULSE AT 32.5 torr AMBIENT PRESSURE
{100 preamplifier gain, 4-us RF pulses, 10 pulses per second,
1 discharge region)
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incident power was near the breakdown threshold). The variation in
pressure amplitude probably corresponds to variations in energy
deposited in the discharge regions, perhaps due to variations in the
onget of breakdown after the beginning of the RF pulse.

Figures 2 through 5 were made at different ambient pressures. One
characteristic of the traces made at ambient pressures above 25 torr 1is
a consistent relation between the magnitude of the pressure pulse and
the time of arrival of the maximum pressure, that is, the stronger the
peak pressure, the sooner the peak arrives after the end of the RF
pulse. At ambient pressures under 25 torr, this correlation was not

observed.

Using the largest observed signal in Figure 4 as an example, the

maximum pressure rise above the ambient pressure (30 torr) is:
60 mV x 0.9 torr/mV = 54 torr .

Note that the pressure 1is approximately doubled as it is reflected off
the pressure transducer and reflecting plate. This means the pressure
wave emanating from the discharge had a peak overpressure of about

27 torr for this case.

Determining the temperature of the plasma (Section IV-A) requires
calculating the Mach number of the pressure wave. The Mach number can
be calculated directly using data from Figures 2 through 5 and the

formula:

M=V VetV

where

M = Mach nuaber

Vp = Velocity of the pressure pulse

V. = Velocity of sound under ambient conditions
dp = Distance that the pressure pulse travels
tp = Time that the pressure pulse takes to

travel the distance dp.

10




The distance from the reflecting plate to the center of the discharge
region was found experimentally to be 9.7 wm, as described in Section
III-A. The peak pressure is believed to occur when gas originally at
that location strikes the transducer. Hence, dp is taken as 9.7 mm.

The values for tp are determined from Figures 2 through 5, and can be ;
found by measuring the time between the end of the discharge (or the end

of the RF pulse shown in the top trace) and the peak pressure. This t

|4
value has some uncertainty because of heating during the begiunning of

the RF pulse, and because of possible flow away from the discharge
before the RF pulse has ended. A calculation of the time required for

the discharge to move apart significantly (half the physical width of

the discharge region divided by the velocity of sound at the final
temperature) indicates that the discharge stays together for about 1.6
to 1.8 us, which 1s less than the discharge duration of 3.5 ps. Taking
the 30 torr case as an example (Figure 4), the Mach number i{s 1.44 for a

27 torr overpressure.

C. Determination of Power Flux to the Breakdown Region

The adjustment of the microwave feed horn necessitated the
calibration of the power flux to the discharge region. For this
purpose, two power meter measurements were made, one of the maximum
microwave power delivered to the feed horn, the other of the power
received by a second horn mounted approximately where the lowermost
discharge region formed. By comparing the second measurement with the
first, we determine the attenuation in the focusing system and fn the
air between the feed horn and the discharge region. The plexiglass
cover to the bell jar was not in place during the measurements. This

cover is designed to be translucent to microwaves; had it been in place,
it might have attenuated slightly the power delivered to the second
torn.

. For 4 us wmicrowave pulses, the average microwave power measured at
the first horn was 119 kW, and the minimum was 114 kW. The attenuation

through the focusing system and air, measured with the second collecting

11 i
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horn, was 9.2 10.4 dB. Using the worst case (minimum power and max{mum
attenuation), the average power reaching the second horn was 12.4 kW.
To calculate the microwave power flux actually incident upon the
breakdown region, two factors must be accounted for: (1) the average
power flux, determined by calculating the effective area of the
collecting horn and then dividing the average power by this effective
collection area, and (2) the spatial varfation in electric and magnetic

field strengths over the collecting horn aperture.

The collecting horn dimensions were 3 by 4.5 cm across the

rectangular mouth, and 4.5 cm from any corner of the mouth to its

A T ety T

respective corner of the rectangular waveguide. A horn of this

2

dimension has an effective area of 10.42 cm?.® Thus the average power

flux incident at the discharge region is:
12.4 kW/10.4 cm? = 1.19 kW/em® .

The power variation in the E-plane or the H-plane is given by:

e

sin2¢x
P(x) = P —— , )

max

where

x = Transverse distance measured from the center
of the collecting horn mouth.

« = 0.604 cm }, corresponding to 3 dB width
of 4.6 cm (1.44 1)) .

The average power in the breakdown region due to spatial variation in

one dimension only is then given by:

1 sinxx 2
P, -ff Poax |22 ax , 1)

where L is the aperature length. Taking the first three terms of an

(ex)? g

expansion, the integral in Eq. 1 can be approximated as

12

A 2
p BN a4 3




Substituting the range O to L in Eq. 2 yields

- l-gsz_caLa
£ 17 “max 9 " 350 :

For the E-plane, L is 1.5 cm, and Py is 0.907 Paax®

For the H-plane, L
1s 2.25 cm, and P, is 0.787 Ppax®

Thus, the ratio of the peak power
flux to the average power flux in the discharge region is

1
- ; : = 1.40 .
Pavg Pl P2 (0.907)(0.787)

For the power flux, the maximum flux in the breakdown can be written in
terms of this 1.40 factor and the average measured flux:

2 2
smax 1.40 x savg 1.40 x 1.19 kW/ca” = 1.62 kW/cm

This result {s used later (Section IV~B) to determine the absorption
efficiency of the breakdown plasma.

D. Probe Measurements

To measure the density of ions and electrons in the plasma, another

i reflecting plate was designed to mount Langmuir probes for insertion in

i the lowermost, largest discharge region. The probes were constructed

from irridium wire and were supported above the reflecting plate with a

nonconductive ceramic tube. Several measurements were taken with

different probe geometries and voltage biases.

—
w
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In the first experimental probe set-up, three probes were mounted
parallel to the reflecting plate and perpendicular to the E-field lines
(to reduce RF coupling). The probes were 6 mil in diameter, 5 mm long,
and vere centered 8.0, 9.0, and 10.0 mm above the reflecting plate. The
probes were biased with -12 V with respect to the reflecting plate, and
probe current was measured across a 100 ohm resistor. This set-up
attempted to measure the vertical fon and electron distributioan through
the plasma. During pulsing, the plasma tended to form around the
probes, so that instead of one large plasma, often two or three separate
plasmas formed. The results were deemed unreliable, and other attempts
to minimize the plasma's separation in this vertical set-up were

unsuccessful.

The second experimental probe set-up had three probes, each mounted
9.0 mm above the reflecting plate, with different diameters (3~, 6-, and
10~mil). The ceramic probes used in the first set—-up were remade to
provide a ground reference to the plasma itself, instead of relying on
the reflecting plate 9.0 mm away as a ground reference. The new probes
had three layers, a brass tube for ground return on the outside, a
ceramic insulator as the sécond layer, and a irridium probe in the
core. As the probe extended into the plasma, the layers were pealed
away. At the plasma edge, a 2.5 mm length of brass ground return was
exposed to the plasma. Then a 2.5 mm distance of ceramic insulator
separated the brass from the irridium probe. Finally, a 5 mm length of
probe extended beyond the ceramic insulator, so that the entire probe
length was 1.0 cm. The probes were biased at ~12 V with respect to the
plasma, and the curreant through the probe was measured across a 100 ohm

registor.

As 1in the first setup, it was visually observed that the plasma
forms quite differently in the presence of probes. With the three
probes spaced 1.0 mm apart, the plasma remained whole, that is, there
tended to be only one plasma. However, camera records show that the
plasma moved quite significantly beyond its normal region. Figure 6
shows the oscilloscope recording of this set-up. Again, the top trace




---- RF PULSE
---- (0.05 V/division)
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(2.0 mA/division)

6-mil PROBE
(2.0 mA/division)

AAAAAA

10-mil PROBE

1 us/division (2.0 mA/dvision)

FIGURE 6 CURRENT COLLECTED BY 3-, 6-, AND 10-mil PROBES
WITH -12.7 V BIAS AT 25 torr AMBIENT PRESSURE
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shows the applied RF power in an inverted sense. The other traces show,

in descending order, the 3-,6-, and 10-mil probe responses.

To provide a better ground return from the plasma using this second
set-up, the 3- and 6-mil probes were then grounded and ~18 V bias was
applied to the 10-mil probe. The response of the 10-mil probe is shown
in Figure 7. The response for several recordings was very consistent
using this set-up, indicating less interference from the probes with the
plasma. Unfortunately, it is impossible to determine spatial variation
of the electrons and ions with a single probe. However, the densities

at this single probe are discussed later in Section IV-C.

E. Optical Output of Discharges

To measure the optical output of a plasma, a photomultiplier tube
(PMT) was mounted outside the protective screening of the microwave
facility and pointed at the discharge region. The PMT output was
monitored without amplification on an oscilloscope; Figure 8 shows a
typical PMT response. As in Figures 2 through 5, two traces appear in
Figure 8. The top trace shows the RF pulse in an inverted sense. The
bottom trace shows the PMT response. The PMT response is uncalibrated,
so the oscillogram gives only qualitative data about the optical output
of a discharge region. The plasma's optical output decays rapidly and
only lasts about 3 us after the RF power pulse ends. Consequently, the
photographs taken to measure plasma size represent an exposure time of
pulse length plus decay time, or 11 us per pulse. Each picture included
between 10 and 100 pulses spaced 100 us apart.

16




i e ¢ e et =

RF PULSE
(0.1 V/division}

PROBE CURRENT
(2 mA/division)

1 us/division

FIGURE 7 PROBE MEASUREMENT OF MICROWAVE PLASMA
WITH -18 V BIAS AT 26 torr AMBIENT PRESSURE
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¢ 1 us/division

FIGURE 8 PHOTOMULTIPLIER TUBE RESPONSE AT 30 torr AMBIENT PRESSURE
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IV RESULTS

A. Temperature of the Microwave Plasma

The pressure measurements described in Section III-B were made in
order to calculate the temperature and the absorption efficiency of the
microwave discharge (the ratio of the microwave energy absorbed by the
breakdown plasma to the incident microwave energy focused on the
region). The discharge temperature is calculated in this section and
the absorption efficiency 1is calculated in Section IV-B.

The temperature of the plasma can be derived from a knowledge of
energy rise in plasma. The energy absorbed is calculated by finding the
Mach number of the pressure wave emanating from the breakdown, and then
finding the ratio AE/B1 , according to the one-dimensional shock theory

formula given by Lin and Theofilusaz

2_, |ar/ty- D)

2 _y~1_ y+1 AE Yy -1 M
= + — -
M A 1 E, l-y+1 ARV @
M(1+E—)2
1
where
M = Mach number of shock wave
Y = 1.4 for diatomic gas (air)

AE = Energy increase in the plasma

[
ol
[}

Initial thermal energy = KII/(Y-I)
K = Boltzmann's constant (1.38 x 10-23 joules/°K)
Initial temperature (20°C = 293°K).

-3
-
L}

A peak Mach number of 1.44 was calculated previously (Section III-B)
at 30 torr ambient pressure. However, when the overpressure is
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known, it 1is also possible to derive the Mach number for a one-
dimensional shock from the following formula:
2 vy+ 1 AP

M"1+2Y —P » (4)

where

AP = Pressure change

P, = Initial pressure.

1
Comparing calculations of the Mach number from the overpressure and from
the distance traveled in a certain time checks the consistency of the
experimental data. For the same maximum pressure peak in Figure 4, the
Mach number derived from the above formula is 1.33, rather than the 1.44

value derived from the shock and sound speeds.

For all the discharges in Figures 3 through 5, the directly

calculated Mach numbers have been plotted in Figure 9 as a function of
the dimensionless quantity AP/Pl. For comparison, Figure 9 also shows l
the theoretical curve corresponding to Eq. 4., Note that the directly
calculated Mach numbers are greater than the theoretical Mach numbers,
but that the measured and theoretical lines have about the same slope.
In calculating the Mach number, we assumed that the travel distance was
9.7 mm (plasma center to pressure sensor). However, 1f it is assumed
that the travel distance is 8.7 mn from the lower plasma edge to the
sensor, then the measured and theoretical lines have similar values as
well as slopes. Figure 9 shows that the pressure sensor measuremeants
are congistent, and that they can be related to one another by dividing

the pressure rises by the respective ambient pressures.

The values of AE/E1 derived from Eq. 3, using a specific heat of
1.40, and Mach numbers determined from both speed and overpressure

measurements, are:
AE/F.1 = 1,86 at M = 1,33 (overpressure)
and

AE/E1 = 2,62 at M = 1,44 (speed) .
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Now the temperature of the discharge region can be derived from the

absorbed energy value by the formula:

T = 1‘1 (1 + AE/EI) .

to 1061°K, based on 20°C amblent temperature.

B. Plasma Absorption Efficiency

can now be calculated. The value of the absorption efficiency tells
what percent of the microwave power incideat on the discharge region is

absorbed by the region. The internal energy, per molecule, is

KT
R T 2 .

ience, per molecule in the plasma region, the normalized absorbed energy

for the 30 torr sample case used above is

AE
Fl 4.65 to 6.55 .

This is the increase of internal energy.

The total microwave energy per unit area delivered to the plasma
during discharge is derived from the experimental knowledge of the

energy flux (Section III-C) and the discharge time, according to the

formula
AERF = AQ = ST .
where

S = Incident power flux (1.62 kw/cmz)

T = Duration of the RF pulse after discharge begins

(3.5 x 207° s).

For the two values of AE/E1 above, the plasma temperature is then 838

From the energy rise calculated in the preceding section and the

power flux measurements made in Section III-C, the absorption efficiency

\.1




On a per molecule basis and in terms of KT, Eq. 3 becomes: :

AErp - ST '
L o, (5)
T, 760 1

where
L = Loschmidt's number, the m Bber3of molecules per unit
volume at STP (2.687 x 10" /cm>) [
T, = Initial temperature (293°K) !
P, = Initial pressure (30 torr) ?
d = Discharge thickness (0.2 cm).

The 0.2 cm thickness was measured experimentally (see Section III-A).

Substituting the appropriate values into Eq. 5 yields

AE

RF
KTI

= 7.31 .

From this result, the energy required for fonization of the plasma could
be subtracted, but that energy is very small compared to the 5 KT
absorbed energy. Therefore, dividing the energy absorbed in the plasma
(as deduced from the pressure and Mach number measurements) by the
energy delivered, the absorption efficiency of the plasma after
breakdown is between 64 and 90%Z. This is a high value, despite the
uncertainities in our measurements. This important result signifies
that little energy is reflected from the discharge region. Formation of
the discharge region results in efficient coupling of incident power to
the plasma, and then to the gas.

C. Electron Dengity

Figure 7 shows the response of a 10-mil diameter probe biased 18 V
negative with respect to a 6-mil probe. Both probes are inserted in a
discharge plasma, at a height of 9 mm above the reflecting plate.
Positive iong are attracted to the 10-mil probe, while a return current
of electrons flows into the 6-mil probe.
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The RC time constant of the probe circuit is less than 100 ns, so ‘ |
that the time variations are followed with good accuracy. For the
i
1 conditions of Figure 7, breakdown occurred about 400 ns after the RF

povwer was turned on. Ions were immediately attracted to the probe,

causing the probe current to increase rapidly to about half the eventual
peak value. Over the next 2.4 us, the probe current gradually doubled,

presumably due to a gradual increase in positive ion and electron '
temperature and to the formation of lighter positive fons (atomic ions

rather than molecular ions, breakup of ionic clusters, etc.)

At about 2.4 us into the breakdown, the probe current began to
i fall. Numerous probe current oscillograms showed consistent decay after
; about 2.2 to 2.4 us of probe current, despite variations in probe
% current onset time. Heating and expansion calculations discussed in
Section III-B imply that a 2 mm thick breakdown-induced plasma will
begin to expand in about 1.6 to 1.8 us, if the plasma is fully

absorbing. It is believed that such an expansion is responsible for the

observed probe current decay. Taking a Mach number of 1.33, the a
measured expansion velocity is such that the gas moves about

0.46 mm/us. Consequently, the positive ion current should fall to 50%
of its peak value about 2.2 us after expansion starts, assuming uniform
expansion and no further ion creation or decay. The actual current is
about 752 of peak value 2.2 us after the assumed expansion begins

(5.3 us into the RF pulse). However, ionization probably continues

after expansion starts.

After the RF power 1is turned off, the probe curreant drop to about
one~third of its turn—off value in about 0.2 us. This dropoff is
believed to be associated with rapid cooloff of the electrons (the ion
current varies as the square root of the electron temperature).

Calculations indicate the electron temperature will decay according to
Te(t) - 1
Te(®) (1 + ¢/1)2

where




and T = 0.19 us for the conditions of Figure 7. Consequently,

1 us after RF power is turned off, 44,000°K electrons (typical of a
microwave discharge) should cool to about 1150°K. Correspondingly, the
ion current should drop to 16X of its turnoff value, assuming that no

gas expansion occurs. In fact, that behavior i{s very nearly observed.

The probe currents shown in Figure 7 have been analyzed by free
molecular Langmuir probe theory, and partially by continuum probe
theory. Assuming an electron temperature of 44,000°K (4 eV) during the

discharge, the peak probe current (when the assumed expansion starts)

corresponds to a positive ifon density of
a, = 5.9 x 10'2/ca’

By implication, this 1s also the electron density. Note that this
density is 4.7 times critical density (1.09 x 1012/cm3 at 9.375 GHz).

The Debye length corresponding to 44,000°K and n = 5.9 x 1012
electrons/cm3 1s 6 x 1074 ca. The ion mean free path for the conditions
of Figure 7 is about 4 x 10-4 cm. Since the fon sheath is typically
five or more Debye lengths thick (for small bias voltages), the ions
will suffer eight or more collisions in moving through the ion sheath
surrounding the ion collecting probe. This clearly does not correspond
to free molecular theory, but it algo is not strictly continuum theory,

where a large number of collisions occur for an ifon moving through the
sheath to the probe.

At 1 us after RF power is removed, the electrons are cooler and
their Debye length is shorter. Assuming m, = 5.9 x 10!2 electrons/cm’
and T, = 1150°K, the Debye length is 0.96 x 1074 cm, and only about 1.2
collisions occur while an ion moves through the sheath. This condition
should be much closer to the requirements for free molecular
collection. Analysis of the probe current data by the free molecular
theory at 1 us after the RF power is turned off, yields an ion density
of n, = 3.1 x lolzlcm3. We can extrapolate this value back to the time
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of peak current, using the current decrease during expansion (a 0.55
factor) and an estimated attachment decay (0.82 factor).

Using these factors, the extrapolated ion density at peak current
time 18 6.9 x 1012/cm3, in good agreement with the 5.9 x 1012/cm3 value

calculated using free molecular theory at that time.

Both of these measurements probably underestimate the actual
electron density, because of collisions within the sheath. Thus the
probe measurements interpreted by free molecular theory establish a
lower limit of 7 x 1012/cm3 for the peak electron density under the
conditions of Figure 7.

Continuum probe theory, which indicates electron densities greater
by a factor of 1.8, 1is not quite applicable. Results with different
size probes indicate only partial behavior in the continuum mode. We
know of no validated theory in the transition region that corresponds to

our case.

The product of the peak electron density and the plasma thickness
gives a rough estimate of the integrated electron density. That
estimate is

Np =n, xd=1.0x 1012 electtons/cm2 .

From a theoretical basis, the integrated electron density before
plasma expansion, assuming 90X power absorption, is
me
c , 2 2 [
N,r 2.30;(:» +v)—2- .
e

At 26 torr, during the discharge, Np = 3.5 x 1012, Thus, the estimated
integrated electron density is about 402 of the expected theoretical

value.

We conclude that the probe measurements give results in approximate
agreement with theory. The probe results are probably low due to
collisions that reduce the current below its free molecular value.
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V  SUMMARY

Several experiments have been carrled out at the SRI microwave
facility to determine the physical characteristics of gas discharges
caused by high~power microwaves. The experiments measured the size of
the discharge region, the strength of pressure waves emanating from the
discharge, and the lon currents on probes in the discharge plasma for
known microwave pulse durations and measured incident microwave power.
From these measurements, it was possible to calculate other discharge
attributes. Estimates of the plasma heating, the absorption efficiency,
and the electron and ion densities of the disharge were given in the
previous section. This section summarizes the measuremente and the

results deduced from the measurements.

The microwave power incident on the discharge region was measured
as 1.62 kw/cm2 for pulses with a 4 us duration. These pulses create
discharge regions that float about 1 cm above the reflecting plate in
the vacuum chamber. The regions, which are 1.9 mm thick and about 2 cam
in diameter, generally form in the antinodal spaces above the reflecting
plate.

With ambient pressures in the range of 25 to 33 torr, the
discharges produce shock waves that vary in strength, with the maximum
somewhere between Mach 1.33 and Mach 1.44. From this pressure
measurement and a knowledge of the plasma dimensions, the plasma
tewmperature can be calculated. The plasmas were calculated to attain a
maximum temperature of 838 to 1061°K. According to this calculated
temperature rise in the plasma, the discharge absorbs between 64 and 90X
of the measured microwave power flux incident on the discharge region.
This is a remarkably high absorption efficiency, regardless of the

uncertainty in the measurement.




The probe measurements show that the probes interfere significantly

with discharges produced in this free-space type of discharge. This
interference prevented an accurate measurement of the spatial variation
of the electrons and ions in the plasma. Good measurements of the ion
density were made, however, at a single point in the middle of the
plasma. The peak ion densities were calculated from the ion currents
collected on a probe using free molecular theory (no collisions in the
sheath around the probe) and continuum theory. The value obtained for
the peak ion density and, by implication, the peak electron density is
5.9 x 1012/cm3. Slightly higher values for peak ion and electron
densities were found if the ion densities were determined after the RF
pulse, when free molecular theory 1is applicable to interpretion of the
probe data. The peak density values could then be extrapolated from the
ion densities determined after the RF pulse. This technique yielded a
peak ion (and electron) density of 6.9 x 1012/cm3. Because some
collisions did occur in the probe sheath, these free molecular density
estimates represent a lower bound to the actual electron and ion
densities. Approximating the integrated electron density by taking the
product of the peak electron density and the plasma thickness agrees . .
reasonably with calculating the integrated density theoretically.
Further measurements of the spatial variation in ion and electron

density will help determine the integrated density more accurately.
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